In this study, bauxite residue was directly leached using the Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate. Stirring rate, retention time, temperature, and pulp density have been studied in detail as the parameters that affect the leaching process. Their optimized combination has shown high recovery yields of Sc, nearly 80%, and Ti (90%), almost total dissolution of Fe, while Al and Na were partially extracted in the range of 30-40%. Si and rare earth element (REEs) dissolutions were found to be negligible, whereas Ca was dissolved and reprecipitated as CaSO 4 . The solid residue after leaching was fully characterized, providing explanations for the destiny of REEs that remain undissolved during the leaching process. The solid residue produced after dissolution can be further treated to extract REEs, while the leachate can be subjected to metal recovery processes (i.e., liquid-liquid extraction) to extract metals and regenerate ionic liquid.
Introduction
Bauxite residue (BR), also known as red mud, is the major byproduct of the Bayer process for alumina production, produced by the alkali leaching of bauxite. On average, for each metric ton of alumina, 1-1.5 metric tons of BR are generated [1, 2] , which leads to a global production of over 150 million metric tons per year [1, 3] .
BR composition can differ depending on the type of bauxite ore from which alumina are produced and Bayer processing techniques [4, 5] . During the Bayer process, valuable base and trace elements like iron (Fe), some aluminum (Al), titanium (Ti), and rare earth elements (REEs) remain in the bauxite residue. As a consequence, REEs are enriched with a factor of about 2 in BR comparing to the initial ore [6, 7] . Particularly interesting is the case of scandium (Sc), as its concentration in BR (in Greek BR accounts to 130 ppm on average) is much higher than in the Earth's crust (22 ppm on average [8] ); that means a notable enrichment of Sc in BR. Due to the high market price (Sc 2 O 3 -4600 US$/kg, 99.99% purity, in 2017) [9] , Sc may represent 95% of the economic value of rare earths in BR [10] . It has also
The ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate ([Emim] [HSO 4 ]) was supplied by Iolitec (Iolitec Ionic Liquids Technologies, Heilbronn, Germany) with >98% purity and characterized. Infrared measurements were conducted with a Perkin Elmer FTIR spectrum 100 (Waltham, MA, USA). Viscosity analysis was performed with a Brookfield viscometer DV-I + LV supported by a Brookfield Thermosel accessory (Brookfield Ametek, Harlow, UK). Nuclear Magnetic Resonance (NMR) spectra were obtained in DMSO-d 6 at 25 • C on a Bruker Avance DRX 500 MHz (Bruker Biospin, Germany) ( 1 H at 500.13 MHz and 13 C at 125.77 MHz) equipped with a 5 mm multi nuclear broad band inverse detection probe.
Batch leaching experiments were performed in a 50 mL Trallero and Schlee mini reactor (Trallero and Schlee, Barcelona, Spain) combined with a mechanical stirrer, a vapor condenser, and a temperature controller, by adding BR to the IL when the set temperature was reached. Vacuum filtration was executed by cooling the system at 120 • C and adding a nonviscous/volatile solvent (dimethyl sulfoxide, further denoted as DMSO) to the leachates, to decrease viscosity and ease the process. After filtration, pregnant leaching solutions (PLS) were digested through acidic treatment (HNO 3 65% v/v and aqua regia) to oxidize and destroy the organics and then analyze with AAS, ICP-OES and ICP-MS. Solid residues were characterized via fusion method (already described above) and XRD. Microstructural characterization was carried out by a JEOL 6380 LV Scanning Electron Microscope (JEOL, Tokyo, Japan) coupled with Energy Dispersive System (SEM-EDS) and a JEOL 2100 HR (JEOL, Tokyo, Japan) 200 kV Transmission Electron Microscope (TEM) in order to detect and locate REEs.
Results and Discussion

Bauxite Residue Characterization
The main component of BR was found to be Fe 2 O 3 , accounting for 42.34 wt.%, followed by Al 2 O 3 with 16.25 wt.%, while TiO 2 was 4.27 wt.%, and total rare earth oxides (REO) assessed to 0.19 wt.%, as it is shown in Table 1 . In particular, cerium (Ce) was found to be the main rare earth element in concentration (402.2 mg/kg), followed by lanthanum (La) (145 mg/kg), scandium (Sc) (134 mg/kg), neodymium (Nd) (127.1 mg/kg), and yttrium (Y) (112 mg/kg).
Identification and quantification of mineralogical phases (Table 2 ) denoted hematite as the main mineral in BR with 30 wt.%, while Ti-containing phases were perovskite, anatase and rutile with 4.5, 0.5 and 0.5 wt.% respectively. From particle size distribution analysis, it was found that 50% of the particles were below 1.87 µm, while 90% were smaller than 42.87 µm. 4 ]) is a Brønsted acidic ionic liquid whose molecular weight is 208.24 g/mol and density (ρ) at room temperature is 1367.9 kg/m 3 . The molecular structure of the IL is shown in Figure 1 .
Ionic Liquid Characterization
From particle size distribution analysis, it was found that 50% of the particles were below 1.87 μm, while 90% were smaller than 42.87 μm.
1-ethyl-3-methylimidazolium hydrogensulfate ([Emim] [HSO4]) is a Brønsted acidic ionic liquid whose molecular weight is 208.24 g/mol and density (ρ) at room temperature is 1367.9 kg/m 3 . The molecular structure of the IL is shown in Figure 1 . 
Reaction Mechanism
To investigate the mechanism of the reaction that takes place, two monometallic solutions of 11 g/L of Sc and 11 g/L of Al were prepared, by dissolving Sc2O3 and Al2O3 in [Emim] [HSO4]. From particle size distribution analysis, it was found that 50% of the particles were below 1.87 μm, while 90% were smaller than 42.87 μm.
Ionic Liquid Characterization
) is a Brønsted acidic ionic liquid whose molecular weight is 208.24 g/mol and density (ρ) at room temperature is 1367.9 kg/m 3 . The molecular structure of the IL is shown in Figure 1 . The results obtained from NMR analysis of two monometallic leachates have led to the following proposed reaction:
where Me is the metal and n is the oxidation state of the metal.
Leaching Process Optimization: Parameters Affecting the System
In order to optimize the process, stirring rate, retention time, temperature, and pulp density were investigated. Each parameter was studied separately, keeping the others constant, and choosing the combination that gave the best results. In each case, Ca and Si in leachates were below the detection limit and Ce, Nd, Y and La recovery was lower than 1%.
Stirring Rate
Initially, experiments were carried out by examining four different stirring rates, 100, 200, 400 and 600 revolutions per minute (rpm), while keeping constant all the other parameters at 150 • C, 5% w/v pulp density and 24 h. Results are given in Figure 3 .
The two monometallic solutions were then analyzed with 1 H and 13 C NMR. Assignment of 1 H and 13 C chemical shifts was based on the combined analyses of a series of 1 H-1 H and 1 H- 13 C correlation experiments recorded using standard pulse sequences from the Bruker library.
From the results (Appendix A, Figures A1 and A2), it could be concluded that there is no significant rearrangement in the carbon chain after the dissolution procedure in all three metal cases.
1 H and 13 C NMR spectra did not indicate any notable differences in the chemical shifts depending on the leached metal. The similar chemical shifts for the protons and the carbons localized in between the two nitrogen atoms indicate metal interaction through the anion of the IL.
There is not any steric effect of electron clouds changing of electrostatic interactions between ionic charges.
The results obtained from NMR analysis of two monometallic leachates have led to the following proposed reaction:
Leaching Process Optimization: Parameters Affecting the System
Stirring Rate
Initially, experiments were carried out by examining four different stirring rates, 100, 200, 400 and 600 revolutions per minute (rpm), while keeping constant all the other parameters at 150 °C, 5% w/v pulp density and 24 h. Results are given in Figure 3 . At these conditions, it is possible to observe an increase of Fe, Ti, and Sc extraction when the stirring rate increases from 100 to 200 rpm (from 55% of Sc, 57% of Fe, and 65% of Ti at 100 rpm to 67% of Sc, 75% of Fe and 72% of Ti at 200 rpm). On the other hand, as the stirring rate increases from 200 to 600 rpm, Fe, Ti, and Sc extraction is observed to linearly decrease (from 67% of Sc, 75% of Fe, and 72% of Ti at 200 rpm to 37% of Sc, 46% of Ti, and only 9% for Fe at 600 rpm). Na and Al recovery At these conditions, it is possible to observe an increase of Fe, Ti, and Sc extraction when the stirring rate increases from 100 to 200 rpm (from 55% of Sc, 57% of Fe, and 65% of Ti at 100 rpm to 67% of Sc, 75% of Fe and 72% of Ti at 200 rpm). On the other hand, as the stirring rate increases from 200 to 600 rpm, Fe, Ti, and Sc extraction is observed to linearly decrease (from 67% of Sc, 75% of Fe, and 72% of Ti at 200 rpm to 37% of Sc, 46% of Ti, and only 9% for Fe at 600 rpm). Na and Al recovery were slightly affected by the stirring rate as they remained almost stable in a range of 17-32% of recovery. This effect of stirring rate on metal recovery is typical in hydrometallurgy. Under low stirring rates, a thick boundary layer was developed on the surface of the solid particles, making the diffusion of chemical species from and to the solid particles surface inefficient. Therefore, at stirring rates lower than 200 rpm, the leaching process is slowed down and metal recovery decreases, as it is seen in Figure 3 . At stirring rates higher than 200 rpm, the thickness of the boundary layer is substantially decreased, but the high convective mass transfer of reactants from the surface of the particles, makes the surface reactions again inefficient and thus the recovery yields are diminishing, as it is seen in Figure 3 . Therefore, a compromise is always found under intermediate stirring rates which, for this system, is around 200 rpm. At this stirring rate, Fe, Ti, and Sc have the highest recovery yields (75%, 72% and 67% respectively).
Kinetic Studies
Several sets of kinetic have been performed at 200 rpm stirring rate, 5% w/v pulp density, analyzing the behavior of the system at three different temperatures: 150, 175, and 200 • C.
In Figure 4 it is observed that at low temperature (150 • C), all metals show the same trend in the first twelve hours; an initial metal dissolution occurred in the first six hours, whilst in the following six hours, metals dissolution is decreased, reaching their lowest concentration at 12 h retention time. This unusual behavior can be attributed to the precipitation of Ca as CaSO 4 that massively occurs within the first 6 h (Appendix A, Figure A3 ), while Fe dissolution is low. In the latter 6 h, adsorption phenomena were more important and faster than dissolution and, being in contact with anhydrite, metals are removed from the leachates, attaining the minimum at 12 h. Then, metals continue their dissolution and as the anhydrite precipitation has been completed they are gradually desorbed, increasing their concentration in solution and reaching the equilibrium at 24 h retention time, with the exception of iron that continues to be dissolved but at a substantially lower rate. were slightly affected by the stirring rate as they remained almost stable in a range of 17-32% of recovery. This effect of stirring rate on metal recovery is typical in hydrometallurgy. Under low stirring rates, a thick boundary layer was developed on the surface of the solid particles, making the diffusion of chemical species from and to the solid particles surface inefficient. Therefore, at stirring rates lower than 200 rpm, the leaching process is slowed down and metal recovery decreases, as it is seen in Figure 3 . At stirring rates higher than 200 rpm, the thickness of the boundary layer is substantially decreased, but the high convective mass transfer of reactants from the surface of the particles, makes the surface reactions again inefficient and thus the recovery yields are diminishing, as it is seen in Figure 3 . Therefore, a compromise is always found under intermediate stirring rates which, for this system, is around 200 rpm. At this stirring rate, Fe, Ti, and Sc have the highest recovery yields (75%, 72% and 67% respectively).
Several sets of kinetic have been performed at 200 rpm stirring rate, 5% w/v pulp density, analyzing the behavior of the system at three different temperatures: 150, 175, and 200 °C.
In Figure 4 it is observed that at low temperature (150 °C), all metals show the same trend in the first twelve hours; an initial metal dissolution occurred in the first six hours, whilst in the following six hours, metals dissolution is decreased, reaching their lowest concentration at 12 h retention time. This unusual behavior can be attributed to the precipitation of Ca as CaSO4 that massively occurs within the first 6 h (Appendix A, Figure A3 ), while Fe dissolution is low. In the latter 6 h, adsorption phenomena were more important and faster than dissolution and, being in contact with anhydrite, metals are removed from the leachates, attaining the minimum at 12 h. Then, metals continue their dissolution and as the anhydrite precipitation has been completed they are gradually desorbed, increasing their concentration in solution and reaching the equilibrium at 24 h retention time, with the exception of iron that continues to be dissolved but at a substantially lower rate. Kinetic studies have been carried out at 175 °C ( Figure 5 ), in this case the unusual dissolution phenomenon observed at 150 °C was not seen and the plateau has been reached faster, after 12 h, achieving 90% of Fe, 70% of Ti and Sc dissolution and again moderate Al and Na recovery (30%). After 1 h, more than 35% of Sc has been dissolved, this, as mentioned, is due to the fact that goethite is totally dissolved and hematite starts to be leached as well. The equilibrium has been reached at 70% of Sc and 90% of Fe recovery, which is in agreement with Vind et al. studies, as the main Kinetic studies have been carried out at 175 • C ( Figure 5 ), in this case the unusual dissolution phenomenon observed at 150 • C was not seen and the plateau has been reached faster, after 12 h, achieving 90% of Fe, 70% of Ti and Sc dissolution and again moderate Al and Na recovery (30%). After 1 h, more than 35% of Sc has been dissolved, this, as mentioned, is due to the fact that goethite At 200 °C (Figure 6 ), Fe, Ti and Sc are considerably leached even after 1 h (60-74%). The maximum extraction of these metals has been reached after 12 h, where Fe was almost totally dissolved, Ti recovery was over 90% and Sc reached nearly 80%. Al and Na dissolution remained stable along the kinetic curve in a range of 30-40%. Extraction of Sc at these high recovery yields (nearly 80%), when Fe was also almost totally dissolved, again confirms that Sc was found to be hosted mainly in hematite and goethite mineralogical phases in bauxite residue [38] , as already mentioned. It was hypothesized before that in the same experimental setup as given here, the unrecovered proportion of Sc (about 20%) may be associated mainly with the chemically durable zirconium orthosilicate (ZrSiO4), that contains around At 200 • C (Figure 6 ), Fe, Ti and Sc are considerably leached even after 1 h (60-74%). The maximum extraction of these metals has been reached after 12 h, where Fe was almost totally dissolved, Ti recovery was over 90% and Sc reached nearly 80%. Al and Na dissolution remained stable along the kinetic curve in a range of 30-40%. mineralogical Sc containing phases in bauxite residue are hematite and goethite (55% and 25% on average, respectively) [38] . At 200 °C (Figure 6 ), Fe, Ti and Sc are considerably leached even after 1 h (60-74%). The maximum extraction of these metals has been reached after 12 h, where Fe was almost totally dissolved, Ti recovery was over 90% and Sc reached nearly 80%. Al and Na dissolution remained stable along the kinetic curve in a range of 30-40%. Extraction of Sc at these high recovery yields (nearly 80%), when Fe was also almost totally dissolved, again confirms that Sc was found to be hosted mainly in hematite and goethite mineralogical phases in bauxite residue [38] , as already mentioned. It was hypothesized before that in the same experimental setup as given here, the unrecovered proportion of Sc (about 20%) may be associated mainly with the chemically durable zirconium orthosilicate (ZrSiO4), that contains around Extraction of Sc at these high recovery yields (nearly 80%), when Fe was also almost totally dissolved, again confirms that Sc was found to be hosted mainly in hematite and goethite mineralogical phases in bauxite residue [38] , as already mentioned. It was hypothesized before that in the same experimental setup as given here, the unrecovered proportion of Sc (about 20%) may be associated mainly with the chemically durable zirconium orthosilicate (ZrSiO 4 ), that contains around 10% of the total Sc in bauxite residue, but also with other undissolved (or partially dissolved) phases as boehmite, diaspore, and titanium-containing phases, which have been determined to be carriers of Sc in Greek BR [38] .
Pulp Density
Four experiments have been conducted to investigate the effect of pulp density on the system, at 2.5%, 5%, 10%, and 14.3% w/v pulp density, under constant temperature, time and stirring rate (200 • C, 12 h, and 200 rpm). Results are shown in Figure 7 . 10% of the total Sc in bauxite residue, but also with other undissolved (or partially dissolved) phases as boehmite, diaspore, and titanium-containing phases, which have been determined to be carriers of Sc in Greek BR [38] .
Four experiments have been conducted to investigate the effect of pulp density on the system, at 2.5%, 5%, 10%, and 14.3% w/v pulp density, under constant temperature, time and stirring rate (200 °C, 12 h, and 200 rpm). Results are shown in Figure 7 . Fe, Ti, and Sc present constant recovery in the area of 2.5-5% w/v pulp density (almost total dissolution for Fe, 88% for Ti, and 78% for Sc). This behavior can be explained by the extremely high ionic liquid excess and the relatively low viscosity of the system due to the low concentration of dissolved metals. By increasing pulp density, the ionic liquid excess decreases and viscosity substantially rises, due to the increase of the number of suspended BR particles as well as the dissolved metal concentrations affecting the ions mobility phenomena and the thickness of the boundary layer. This results in a sharp and linear decreasing recovery, reaching the minimum at 14.3% w/v (60% of Fe, 70% Ti, and 14% of Sc). Experiments at pulp density higher than 14.3% w/v were not carried out due to the high viscosity, which prevented filtration and caused serious problems during the leaching process.
Characterization of the Solid Residue after Leaching
The solid residue collected after leaching bauxite residue at optimum conditions (200 rpm, 200 °C, 12 h and 5% w/v pulp density) was characterized via fusion method, XRD, SEM, and TEM analyses. The resulting residue was found to be 48% of the weight of the initial BR mass.
As it can be seen from chemical analysis shown in Table 3 , solid residue after leaching is high in aluminum, calcium, and silicon, while it is depleted in iron and titanium. REEs remain in the solid residue (with the exception of scandium) and can be leached afterwards. Fe, Ti, and Sc present constant recovery in the area of 2.5-5% w/v pulp density (almost total dissolution for Fe, 88% for Ti, and 78% for Sc). This behavior can be explained by the extremely high ionic liquid excess and the relatively low viscosity of the system due to the low concentration of dissolved metals. By increasing pulp density, the ionic liquid excess decreases and viscosity substantially rises, due to the increase of the number of suspended BR particles as well as the dissolved metal concentrations affecting the ions mobility phenomena and the thickness of the boundary layer. This results in a sharp and linear decreasing recovery, reaching the minimum at 14.3% w/v (60% of Fe, 70% Ti, and 14% of Sc). Experiments at pulp density higher than 14.3% w/v were not carried out due to the high viscosity, which prevented filtration and caused serious problems during the leaching process.
The solid residue collected after leaching bauxite residue at optimum conditions (200 rpm, 200 • C, 12 h and 5% w/v pulp density) was characterized via fusion method, XRD, SEM, and TEM analyses. The resulting residue was found to be 48% of the weight of the initial BR mass.
As it can be seen from chemical analysis shown in Table 3 , solid residue after leaching is high in aluminum, calcium, and silicon, while it is depleted in iron and titanium. REEs remain in the solid residue (with the exception of scandium) and can be leached afterwards. From the comparison of the XRD spectra of bauxite residue and residue generated after leaching (Appendix A, Figure A4) , it is possible to observe that peaks attributed to hematite, goethite, calcium aluminum iron silicate hydroxide, gibbsite, and perovskite, which are present in bauxite residue, disappear after leaching. Aluminum phases like diaspore and boehmite remain relatively intact after leaching, as well as cancrinite, chamosite, and calcite. On the other hand, a new mineralogical phase calcium sulfate anhydrite (causing the consumption of about 2 wt.% of the IL), which was formed due to the interaction between calcium and the anion of the ionic liquid, is created during leaching. The above observations explain well the behavior of Al and Na during leaching as their main minerals in BR such as diaspore, boehmite and cancrinite remain insoluble, leading to low to moderate recoveries. On the other hand, Fe and Ti bearing minerals were depleted in leaching residue thus confirming their observed high recoveries. Regarding Ca leaching, phases like calcium aluminum iron silicate hydroxide are substantially soluble, while phases such as cancrinite and chamosite resist dissolution. Calcite is partially dissolved in IL solution and in the presence of HSO 4 − anions, undertakes a transition to anhydrite, which is a secondary precipitated phase during the leaching process. SEM-EDS analysis of the solid residue after leaching confirmed the findings of chemical and XRD analyses (Figure 8 ). The matrix, which is mainly composed of Al, Ca, and Na silicates, surrounds phases transitioning from CaCO 3 to CaSO 4 . From the comparison of the XRD spectra of bauxite residue and residue generated after leaching (Appendix A, Figure A4 ), it is possible to observe that peaks attributed to hematite, goethite, calcium aluminum iron silicate hydroxide, gibbsite, and perovskite, which are present in bauxite residue, disappear after leaching. Aluminum phases like diaspore and boehmite remain relatively intact after leaching, as well as cancrinite, chamosite, and calcite. On the other hand, a new mineralogical phase calcium sulfate anhydrite (causing the consumption of about 2 wt.% of the IL), which was formed due to the interaction between calcium and the anion of the ionic liquid, is created during leaching. The above observations explain well the behavior of Al and Na during leaching as their main minerals in BR such as diaspore, boehmite and cancrinite remain insoluble, leading to low to moderate recoveries. On the other hand, Fe and Ti bearing minerals were depleted in leaching residue thus confirming their observed high recoveries. Regarding Ca leaching, phases like calcium aluminum iron silicate hydroxide are substantially soluble, while phases such as cancrinite and chamosite resist dissolution. Calcite is partially dissolved in IL solution and in the presence of HSO4 − anions, undertakes a transition to anhydrite, which is a secondary precipitated phase during the leaching process.
SEM-EDS analysis of the solid residue after leaching confirmed the findings of chemical and XRD analyses (Figure 8 ). The matrix, which is mainly composed of Al, Ca, and Na silicates, surrounds phases transitioning from CaCO3 to CaSO4. 
REEs in the Solid Residue
Small REEs-containing particles (about 10 μm) were detected in SEM-EDS, in particular YPO4 particles including heavy rare earths like gadolinium and dysprosium (Figure 9 left) . This is consistent with Vind et al. studies of raw bauxite residue [39] where the presence of heavy rare earth phosphates with the major constituent being yttrium and containing other heavy REEs like gadolinium, dysprosium, and erbium is reported. This is an indication that these grains endure the [Emim][HSO4] leaching process without being subjected to any dissolution and thus explaining negligible heavy REEs recoveries.
Small mixed calcium-cerium phosphate particles were also identified; in this case, grains included light rare earths like neodymium, lanthanum, and samarium (Figure 9 right) . Vind et al. 
Small REEs-containing particles (about 10 µm) were detected in SEM-EDS, in particular YPO 4 particles including heavy rare earths like gadolinium and dysprosium (Figure 9 left) . This is consistent with Vind et al. studies of raw bauxite residue [39] where the presence of heavy rare earth phosphates with the major constituent being yttrium and containing other heavy REEs like gadolinium, dysprosium, and erbium is reported. This is an indication that these grains endure the [Emim] [HSO 4 ] leaching process without being subjected to any dissolution and thus explaining negligible heavy REEs recoveries.
reported the presence of light rare earths as calcium-containing phosphate phases in bauxite residue [39] . In the case of the solid residue after leaching, grains containing light REEs (LREEs) phosphates are also present. This may indicate a partial dissolution of calcium from the mixed Ca-LREEs phases, leaving behind smaller phosphate particles which are beneficiated in LREEs. This was also implied by TEM analysis, detecting very fine (<500 nm) particles of Al-containing CePO4 (Figure 10 ). Figure 9 . SEM image of a YPO4 particle (left) and a CePO4 particle (right). 
Conclusions
In this study, Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate was used to directly leach bauxite residue. Experiments were carried out in a closed mini reactor, Figure 9 . SEM image of a YPO 4 particle (left) and a CePO 4 particle (right).
Small mixed calcium-cerium phosphate particles were also identified; in this case, grains included light rare earths like neodymium, lanthanum, and samarium (Figure 9 right) . Vind et al. reported the presence of light rare earths as calcium-containing phosphate phases in bauxite residue [39] . In the case of the solid residue after leaching, grains containing light REEs (LREEs) phosphates are also present. This may indicate a partial dissolution of calcium from the mixed Ca-LREEs phases, leaving behind smaller phosphate particles which are beneficiated in LREEs. This was also implied by TEM analysis, detecting very fine (<500 nm) particles of Al-containing CePO 4 ( Figure 10 ). reported the presence of light rare earths as calcium-containing phosphate phases in bauxite residue [39] . In the case of the solid residue after leaching, grains containing light REEs (LREEs) phosphates are also present. This may indicate a partial dissolution of calcium from the mixed Ca-LREEs phases, leaving behind smaller phosphate particles which are beneficiated in LREEs. This was also implied by TEM analysis, detecting very fine (<500 nm) particles of Al-containing CePO4 (Figure 10 ). Figure 9 . SEM image of a YPO4 particle (left) and a CePO4 particle (right). Figure 10 . TEM image of a CePO4, Al containing, particle.
In this study, Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate was used to directly leach bauxite residue. Experiments were carried out in a closed mini reactor, Figure 10 . TEM image of a CePO 4 , Al containing, particle.
In this study, Brønsted acidic ionic liquid 1-ethyl-3-methylimidazolium hydrogensulfate was used to directly leach bauxite residue. Experiments were carried out in a closed mini reactor, equipped with a condenser and a temperature controller. Stirring rate, time, temperature and pulp density were thoroughly examined to find the optimum conditions for Sc (nearly 80%) and Fe (almost totally dissolved) high recovery yields. This outcome confirms that Sc is mainly hosted in hematite and goethite mineralogical phases (55% and 25%, respectively) in bauxite residue, in accordance to the work of Vind et al. [38] . The undissolved Sc content might be attributed to ZrSiO 4 , containing around 10% of the total Sc in bauxite residue, but also to other phases, such as boehmite, diaspore, and titanium-containing phases that host Sc in Greek bauxite residue [38] .
At the optimum conditions, 90% of Ti was dissolved, while Al and Na were partially extracted (in a range of 30-40%). Si and REEs dissolutions were found to be negligible, whereas Ca was partially dissolved and precipitated as CaSO 4 consuming about 2 wt.% of the ionic liquid.
Solid residue after leaching was fully characterized and found to be rich in Al, Ca, and Si, with the main minerals present being anhydrite, diaspore, and cancrinite; it could be further treated to extract REEs. SEM and TEM analyses of the solid residues provided explanations for the destiny of REEs, which remain undissolved enduring the leaching process.
It can be concluded that [Emim] [HSO 4 ] ionic liquid is a good leaching agent for dissolving metals from bauxite residue and, since it is not selective against iron, high recovery yields of Sc can be achieved, reaching up to 80% of extraction. Figure A4 . Comparison of the XRD spectra of bauxite residue and solid residue after leaching at optimum conditions.
